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Introduction
As the PV industry is targeting cost-reduction of PV modules towards 50 $c/Wp several key technologies such as PERC, PERL, HJT and IBC concepts recently attracted the attention of the PV community as feasible concepts to achieve this target. These technologies lead to higher solar cell conversion efficiency and power output at a moderate increase of production costs, thus enabling low specific costs of PV generated electricity. A further possibility to reduce the overall costs of PV modules is the use of low-cost silicon feedstock, such as UMG-Si, as it was introduced by different companies [1, 2] .
The utilization of such low-cost silicon materials of course only can contribute to cost reduction, if it enables similar efficiencies as high purity poly-Si. An equal performance of UMG-Si to poly-Si in both full Al-BSF and PERC process has previously been shown by [3, 4] , but on cell efficiency levels below 19 %. Nowadays second generation solar cell concepts aim for even higher efficiencies to further reduce the costs per watt-peak. As more and more second generation solar cells enter the market, it is inevitable to evaluate the potential of UMG-Si for such high efficiency concepts targeting 20 % solar cell efficiency. Especially the requirements for new PV factories or expansions released in China, the world's largest PV module manufacturing market, demanding 20 % cell efficiency for Cz silicon solar cells and 18 % cell efficiency for multicrystalline silicon solar cells raise the interest in high efficiency concepts.
The UMG silicon used in the presented experiment is Elkem Solar Silicon®, which is produced via three important subsequent process steps: slag treatment, leaching and directional solidification leading to high quality UMG-Si with a low carbon-footprint and a shorter energy payback time [5] compared to conventional poly-Si from Siemens-process route.
Experimental
Silicon wafers from a Cz grown UMG-Si crystal blended with 40 % virgin poly-Si were taken for the following experiments. The base resistivity of the wafers is in the range of 2.2 Ωcm after dissolving of thermal donors. As reference 100 % poly-Si wafers with a similar base resistivity of 2-3 Ωcm were chosen.
Two different PERC process routes (PERC-1 and PERC-2) with the intention to fabricate a sufficiently good rear side passivation on the flat etched surfaces with local Al back contacts were applied. The accordingly produced PERC solar cells were compared to solar cells processed by the full Al-BSF baseline process. The different process schemes are shown in figure 1. The additional process steps of the PERC sequence are the IMEC cleaning, the deposition of the rear side passivation stacks and its partial opening (which was conducted using a fs-Laser with a wavelength λ = 514 nm) and the subsequent laser debris clean. The laser edge isolation which is required for the Al-BSF solar cells can be left out.
Front side metallization was performed by conventional Ag paste screen printing resulting in 70-80 μm wide fingers, which still offers space for further improvement by implementing fine line printing. The PERC solar cell rear side was fully printed with an optimized PERC Al-paste and went through an adapted co-firing process to ensure good formation of the local Al contacts and a minimum number of voids necessary for high fill-factor and open-circuit voltage of rear passivated solar cells, as demonstrated by [6] .
The used rear side passivation varies between both PERC approaches. PERC-1 uses a passivation stack of an inhouse developed all PECVD based passivation (MSiN x ) [7] and a SiN x capping layer deposited in the same process step. The solar cells from group PERC-2 were passivated using a dry thermal oxidation resulting in an approximately 25 nm thick SiO 2 [8] . The identical PECVD SiN x capping layer was used to protect the thermal oxide from the following process steps but had to be deposited in a separate process step.
Furthermore one group of the poly-Si reference wafers were processed with an improved baseline process (baseline-2), in which the screen printing was optimized in order to show the potential for improvement of the screen printing process.
Lifetime measurements were performed using a Sinton QSSPC system on symmetrically passivated lifetime samples, in order to test the passivation quality, and on cell precursors which were taken out before the laser opening of the rear dielectric layer to ensure no detrimental effect of the emitter diffusion on the passivation quality. Relevant IV parameters were measured under standard testing conditions using a h.a.l.m flasher system. Measurements of the light induced degradation of PERC solar cells from both kind of feedstock were conducted to investigate the influence of boron-oxygen complexes on the solar cell performance.
Results and discussion

Lifetime results on cell precursors
Due to an expected temperature-sensitivity of the MSiN x passivation (PERC-1) lifetime and implied V oc were checked at two different process states. First measurement took place on symmetrical lifetime samples directly after the deposition of the rear dielectric and the subsequent capping layer (state 1). The second measurement was conducted on cell precursors which -due to the emitter diffusion -were processed with a much higher thermal budget (state 2). For PERC-2 lifetime and implied V oc only from wafers of the second state were checked for comparison with PERC-1. The QSSPC measurements were conducted on 3 various spots on at least two samples of each process group. The average results of the implied V oc are shown in table 1. At state 1 an implied V oc of 678 mV was measured for the MSiN x rear side passivation proving excellent passivation quality and the potential for high solar cell efficiencies. For the samples of state 2 the iV oc decreases slightly to 674 mV, due to increased front surface and emitter recombination. No difference was measured between the two passivation stacks in state 2.
Solar cell results
IV parameters of the solar cells were measured using a h.a.l.m flasher system with long pulse duration to avoid potential hysteresis effects. On the same equipment sunsV oc measurements were performed to determine the pseudo FF. The IV data shown in table 2 are average values over at least 4-6 solar cells from the respective silicon material and the applied solar cell process sequence. Standard deviations are given as an indication for the process and material stability. The poly-Si material performs with 18.6 % solar cell efficiency using the standard Al-BSF process. Adapting the screen printing leads to a gain of 0.3 % absolute in efficiency due to significantly higher FF and only slightly lower current (Baseline-2). Applying the PERC process the solar cell efficiency of poly-Si wafers can be raised to 19.2 % for PERC-1 and 19.5 % for PERC-2 respectively. The higher conversion efficiency is a result of higher values for J sc and V oc , typical for PERC solar cells due to higher internal reflectivity and lower surface recombination velocity at the passivated rear side resulting in an enhanced IQE.
The UMG-Si based solar cells show an average efficiency of 19.0 % using the baseline full Al-BSF process. By applying the PERC processes the average efficiency can be further enhanced to 19.8 % for both dielectric rear passivation methods with the best cell achieving 19.9 %.
Comparing the results of both types of materials it becomes obvious that the UMG-Si in our experiments exhibits higher values for FF, V oc and J sc . At first glance the higher FF for the UMG-Si solar cells seems to be due to lower bulk resistivity and thus lower series resistance, like it has been reported previously [9] . However both materials exhibit a similar bulk resistivity (2.2 Ωcm for UMG-Si and 2-3 Ωcm for poly-Si) and a similar difference between pFF and FF, which represents the series resistance losses of a solar cell. Thus it is obvious that the series resistance is not an appropriate explanation for differences in FF of 0.6 -1.1 % abs. This will be further investigated and reported elsewhere.
The higher V oc shown by the UMG-Si solar cells within all cell concepts is typical for UMG-Si material and can be explained by the higher doping concentrations leading to a shift of the Fermi-level [9, 10] .
The higher short-circuit-current of the UMG-Si solar cells proves the excellent material quality of Elkem Solar Silicon® with a very good bulk lifetime and thus very low contents of metallic impurities.
Another observation from table 1 is that both PERC processes lead to similar efficiencies for the UMG-Si whereas the poly-Si wafers show a difference of 0.3 % abs. between the two used PERC processes. It can be concluded that in this study the UMG-Si wafers show a higher tolerance against changes within the cell process sequence and even higher efficiencies can be achieved.
Light induced degradation
In order to test the light induced degradation performance PERC and baseline solar cells from both feedstock types were illuminated with approximately 1 sun at 25 °C for more than 100 hours until no further reduction of the cell voltage was detectable. The median cell voltage over 60 seconds, with a data acquisition rate of 1/s, was recorded to determine the decay of cell voltage as a result of formation of recombination active boron-oxygen complexes. The IV parameters of the solar cells were measured after the LID procedure and compared to the initial values. Table 3 shows the results of the IV measurements in initial and degraded state. Figure 2 depicts the degradation in V oc of cells from different material and cell process according to the degradation parameters given above. Both types of material processed by the baseline process show similar degradation of about 0.5 % abs. in cell efficiency leading to a higher efficiency of the UMG-Si based solar cells even after LID. PERC solar cells show a higher degradation with 0.7 % abs. in efficiency for the poly-Si material and 1.0 % abs. in efficiency for the UMG-Si material, resulting in 18.6 % efficiency for the poly-Si and 18.8 % efficiency for the UMG-Si respectively. Consequently, it is shown that even after light soaking the UMG-Si based solar cells exhibit higher cell conversion efficiency in both cell concepts compared to the processed poly-Si material.
The obtained results reveal a higher loss in cell efficiency for PERC solar cells. This may be explained by the fact that boron-oxygen related LID is known to mainly affect the bulk lifetime. Consequently, higher losses in cell efficiency for PERC cells due to their higher sensitivity to changes of bulk lifetime [11] are recorded. This was additionally confirmed by PC1D simulations in figure 3, which show higher losses for cells with low rear surface recombination velocities, if the bulk lifetime is changed. For the PC1D simulation the assumptions summarized in table 4 were made. Figure 3 shows that for a rear passivated cell the consequences of LID are more severe. V oc decreases about 15.5 mV for a PERC solar cell and only about 11 mV for an Al-BSF solar cell if the bulk lifetime is changed from 500 μs to 50 μs. For the same bulk lifetime range the cell efficiency decreases by 4.5 % for a PERC cell and by 3.5 % for an Al-BSF cell.
Looking at figure 2 a higher loss in V oc is observed for the UMG-Si PERC cell than for the poly-Si PERC cell, confirming the hypothesis of Forster et al. [12] who observed a correlation between LID and the total boron concentration in UMG-Si. On the contrary other authors found the LID of UMG-Si to correlate with the net doping p 0 [13, 14] . Due to the interstitial oxygen concentration, which of course significantly contributes to cell degradation, of both the poly-Si and UMG-Si material are not known in this study, we cannot conclude whether the extend of the LID for the shown cells depends on the total boron concentration or if it is related to the net doping p 0 .
Conclusion
We demonstrated two different industrially feasible processes sequences for fabrication of PERC solar cells, by passivating the solar cell rear side either with a thermally grown SiO 2 or an in-house developed all-PECVD based passivation layer (MSiN x ). Lifetime measurements prove the excellent passivation quality of both passivation layers.
Silicon wafers from poly-Si as well as UMG-Si were processed by both PERC processes and compared to the state-of-the-art full Al-BSF solar cell process. The UMG-Si based solar cells achieved average cell efficiencies of 19.8 % with the best cell obtaining 19.9 % and show a superior performance compared to the poly-Si wafers. To our knowledge these are the highest obtained solar cell efficiencies when using UMG-Si. A gain of up to 0.8 % absolute in cell efficiency could be reached by the PERC concept in comparison to the full Al-BSF process.
Thus we were able to demonstrate that UMG-Si is capable to be used in high efficiency approaches which are required to further cut down the cost of PV generated electricity. Further improvements of the cell process should lead to efficiencies well above 20 %.
A higher light induced degradation was observed for PERC solar cells, which can be explained by the higher sensitivity of PERC solar cells to changes of the bulk lifetime.
